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Supplemental Material: Particle Suspension Mechanisms
Manuscript Title: Skin as a Potential Source of Infectious Foot and Mouth Disease Aerosols

This supplemental material provides a brief introduction to particle suspension mechanisms that
cause exfoliated skin cells to become and remain airborne. The material presented here provides
additional context to the primary manuscript and serves as background for designing possible
future studies to assess the impact of skin cells as a source of infectious aerosols. This
introduction is not intended to be comprehensive and interested readers are encouraged to
consult the references cited.

Introduction

Exfoliated skin cells settle to the ground due to gravity. In still air, an intact exfoliated skin cell
shed 1 m above the ground will deposit on the ground in about 2 minutes.* However the
mechanisms discussed below counter the forces of gravity and extend the time in which
potentially infectious, exfoliated skin cells could pose a respiratory hazard.

Particle Suspension Due to Convective Airflow

In (approximately) still air, an animal’s body heat warms the air that immediately surrounds it.
The process by which the heated air rises and creates an airflow around and above an animal is
called natural convection. Natural convection airflow has been extensively studied in humans
[S2,S3,54,S5]. The speed, magnitude, and distribution of natural convection airflow varies about
the human body and depends on (a) body shape and orientation and (b) the temperature
difference between the skin (or outer clothes) and the environment. Near the skin, airflow
velocities exceed the skin-cell settling velocity. Thus exfoliated skin cells are drawn up the body
surface and ejected upwards into the greater atmosphere.?® In livestock, heat loss due to
convection is well-documented [S8,59,510,S11].

Airflow patterns around livestock (and humans) are clearly more complex than the isolated
natural convection case discussed above. Experimental and computational studies have examined
these more complex cases [S12,513,514,515,S16]. These studies point to the importance of the
following factors: (a) natural and/or mechanical ventilation (outdoor wind; indoor ventilation
used to remove livestock-produced pollutants), (b) objects that deflect large-scale airflows (e.g.
livestock pens), (¢) non-uniform thermal environments (e.g. the sun heats one side of a building,
but not the other), and (d) animal physiological responses to the external environment (e.g.
perspiration; limited blood flow to the skin resulting in lower skin temperature in cold weather).
Several studies [S13,514,515,516] report airflow around simulated livestock greater than the
skin cell gravitational settling velocity. These studies also demonstrate that natural convection
can mix otherwise still air (e.g. air next to animals huddled against a pen partition) into the
dominant building airflows.*

! This assumes a skin cell settling velocity equal to a 15 um aerodynamic-diameter particle (0.007 m s™) [S1].

2 Preliminary experiments [S6] (a) demonstrate more microorganisms in the air next to the skin than in the
surrounding atmosphere and (b) an order of magnitude increase in microorganism concentration in air next to the
skin after scratching the skin upwind (below) of the measurement location.

® Due to the human’s upright posture, natural convection airflows can also draw material deposited on the ground up
to the breathing zone [S7].

* Particles suspended in the dominant building airflow can then travel within the building and/or be vented to the
outside atmosphere.
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Particle Resuspension

The resuspension of material deposited on the ground back into the atmosphere has been studied
in a number of settings. These settings include studies of human health impacts, of dust/dirt
movement, of the spread of radioactive contamination, of disease transmission, as well as studies
of natural biological aerosols [S17,518,519,520,521,S22]. Like the complex airflows discussed
above, many factors can influence resuspension rates. These include (but are not limited to) the:
(a) physical resuspension process (e.g. mechanical disturbances®, wind), (b) characteristics of the
resuspended particle (e.g. aerosol size and chemical properties), (c) the surface from which the
particle resuspends® (e.g. soil, vegetation), and (d) the age of the deposited material. Due to the
large number of potentially important explanatory variables, each of which has a significant
range of variability, observed resuspension rates have a wide range of variation (up to 8 orders of
magnitude) [S22]. While a robust and comprehensive resuspension model has yet to be
developed (e.g. [S26]), empirical models are available for specialized applications
[S27,528,529].

Auspices
This work performed under the auspices of the U.S. Department of Energy by Lawrence
Livermore National Laboratory under Contract DE-AC52-07NA27344.

References

[S1] Hinds W.C. 1999 Aerosol Technology: Properties, Behavior, and Measurements of
Airborne Particles, 2nd edn, pp. 458. New York: John Wiley & Sons, Inc. (ISBN 0-471-
19410-7)

[S2] Clark R.P. & de Calcina-Goff M.L. 2009 Some Aspects of the Airborne Transmission of
Infection. J. R. Soc. Interface 6, S767-S782 (doi: 10.1098/rsif.2009.0236.focus)

[S3] Cropper P.C., Yang, T., Cook M.J., Fiala D. & Yousaf R. 2008 Exchange of Simulation
Data between CFD Programmes and a Multisegmented Human Thermal Comfort Model.
In Proceedings of Conference: Air Conditioning and the Low Carbon Cooling Challenge
Cumberland Lodge, Windsor, UK, 27-29
(http://nceub.commoncense.info/index.php?n=Research.WindsorConference2008)

[S4] Clark R.P. & Edholm O.G. 1985 Chapter 4: Convection. In Man and His Thermal
Environment pp. 70-96. London: Edward Arnold (ISBN 0-7131-4445-9).

[S5] Lewis, H.E., Foster A.R., Mullan B.J., Cox R.N. & Clark R.P. 1969 Aerodynamics of
Human Microenvironment. The Lancet 293, 1273-1277 (doi: 10.1016/S0140-
6736(69)92220-X)

[S6] Clark R.P. & R.N. Cox 1974 An Application of Aeronautical Techniques to Physiology 2.
Particle Transport within the Human Microenvironment. Medical and Biological
Engineering 12, 275- 279 (doi:10.1007/BF02477791)

® Animal activity is effective in (re)suspending dust [S23,524,525].
® High (> 70%) relative humidity and/or wet surfaces reduce resuspension rates [S23,524,525].

Dillon, M.B. p.2of 4



FMD Skin Aerosols Supplemental Material Particle Suspension Mechanisms

[S7] Thornburg J., Kominsky J., Brown G.G., Frechtel P., Barrett W. & Shaul G. 2010 A Model
to Predict the Breathing Zone Concentrations of Particles Emitted from Surfaces Journal
of Environmental Monitoring 12, 973-980 (doi: 10.1039/b919385¢)

[S8] Gebremedhin K.G. 1987 Effect of Animal Orientation with Respect to Wind Direction on
Convective Heat Loss Agricultural and Forest Meteorology 40, 199-206
(doi:10.1016/0168-1923(87)90007-4)

[S9] Mitchell J.W. 1976 Heat Transfer from Spheres and Other Animal Forms Biophysical
Journal 16, 561-569 (doi:10.1016/S0006-3495(76)85711-6)

[S10] Turnpenny J.R., McArthur A.J., Clark J.A. & Wathes C.M. 2000 Thermal Balance of
Livestock 1. A Parsimonious Model Agricultural and Forest Meteorology 101, 15-27
(d0i:10.1016/S0168-1923(99)00159-8)

[S11] Turnpenny J.R., Wathes C.M., Clark J.A. & McArthur A.J. 2000 Thermal Balance of
Livestock 2. Applications of a Parsimonious Model Agricultural and Forest Meteorology
101, 29-52 (d0i:10.1016/S0168-1923(99)00157-4)

[S12] Bjerg B., Svidt K., Zhang G. & Morsing S. 2000 The Effects of Pen Partitions and
Thermal Pig Simulators on Airflow in a Livestock Test Room Journal of Agricultural
Engineering Research 77, 317-326 (doi:10.1006/jaer.2000.0596)

[S13] Gebremedhin K.G. & Wu B. 2005 Simulation of Flow Field of a Ventilated and Occupied
Animal Space with Different Inlet and Outlet Conditions Journal of Thermal Biology 30,
343-353 (doi:10.1016/j.jtherbio.2004.10.001)

[S14] Norton T., Grant J., Fallon R. & Sun D.W. 2010 Improving the Representation of Thermal
Boundary Conditions of Livestock during CFD Modelling of the Indoor Environment
Computers and Electronics in Agriculture 73, 17-36 (doi:10.1016/j.compag.2010.04.002)

[S15] Zhang G., Morsing S., Strom J.S., Bjerg B. & Svidt K. 2003 Velocity Fields and CO,
Distribution in the Near Floor Regions of a Room with Pig-Simulators and Partition Wall
In Swine Housing 11: Proceedings of the Second International Symposium Raleigh, North
Carolina pp. 48-55 (ISBN 1-892769-33-6).

[S16] van Wagenberg A.V. & de Leeuw T.J. 2003 Measurements of Air Velocity in Animal
Occupied Zones Using an Ultrasonic Anemometer Applied Engineering in Agriculture
19, 499-507 (ISSN 0883-8542)

[S17] Nicholson K.W. 2009 The Dispersion, Deposition, and Resuspension of Atmospheric

Contamination in the Outdoor Urban Environment Radioactivity in the Environment 15,
21-53 (d0i:10.1016/S1569-4860(09)00402-1)

Dillon, M.B. p.30f4



FMD Skin Aerosols Supplemental Material Particle Suspension Mechanisms

[S18] Byrne M.A. 2009 Airborne Contamination Inside Dwellings Radioactivity in the
Environment 15, 55-75 (doi:10.1016/S1569-4860(09)00403-3)

[S19] Burrows S.M., Elbert W., Lawrence M.G. & Poschl U. 2009 Bacteria in the Global
Atmosphere — Part 1: Review and Synthesis of Literature Data for Different Ecosystems
Atmospheric Chemistry and Physics 9, 9263-9280 (doi:10.5194/acp-9-9263-2009)

[S20] Jones A.M. & Harrison R.M. 2004 The Effects of Meteorological Factors on Atmospheric
Bioaerosol Concentrations—A Review Science of the Total Environment 326, 151-180
(doi:10.1016/j.scitotenv.2003.11.021)

[S21] Nicholson K.W. 1988 A Review of Particle Resuspension Atmospheric Environment 22,
2639-2651 (doi:10.1016/0004-6981(88)90433-7)

[S22] Sehmel G.A. (1980) Particle Resuspension: A Review Environmental International 4, 107-
127 (doi:10.1016/0160-4120(80)90005-7)

[S23] Kim K.Y., Ko H.J.,, Lee K.J. Park J.B. & Kim C.N. 2005 Temporal and Spatial
Distributions of Aerial Contaminants in an Enclosed Pig Building in Winter
Environmental Research 99, 150-157 (doi:10.1016/j.envres.2004.10.004)

[S24] Costa A., Borgonovo F., Leroy T., Berckmans D. & Guarino M. 2009 Dust Concentration
Variation in Relation to Animal Activity in a Pig Barn Biosystems Engineering 104, 118-
124 (doi:10.1016/j.biosystemseng.2009.05.009)

[S25] Cambra-Lopez M., Aarnink A.J.A., Zhao Y., Calvet S. & Torres A.G. 2010 Airborne
Particulate Matter from Livestock Production Systems: A Review of an Air Pollution
Problem Environmental Pollution 158, 1-17 (doi:10.1016/j.envpol.2009.07.011)

[S26] ziskind G. 2006 Particle Resuspension from Surfaces: Revisited and Re-evaluated Reviews
in Chemical Engineering 22, 1-123.

[S27] U.S. EPA 2010 Compilation of Air Pollutant Emission Factors (AP-42) accessible at
http://www.epa.gov/ttn/chief/ap42/index.html .

[S28] NCRP 1999 Recommended Screening Limits for Contaminated Surface Soil and Review of
Factors Relevant to Site-Specific Studies. NCRP Report N0.192.

[S29] Haeussermann A., Costa A., Aerts J.M., Hartung E., Jungbluth T., Guarino M. &
Berckmans D. 2008 Development of a Dynamic Model to Predict PM10 Emissions from
Swine Houses Journal of Environmental Quality 37, 557-564
(doi:10.2134/jeq2006.0416)

Dillon, M.B. p. 4 of 4



